Demonstration of Pilot-scale Bio-dimethyl ether Synthesis Via Oxygen- and steam- enriched Gasification of Wood Chips  by Yuping, Li. et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.303 
 Energy Procedia  75 ( 2015 )  202 – 207 
ScienceDirect
The 7th International Conference on Applied Energy – ICAE2015 
Demonstration of pilot-scale bio-dimethyl ether synthesis via 
oxygen- and steam- enriched gasification of wood chips 
Yuping Li , Lungang Chen, Tiejun Wang *, Longlong Ma, Mingyue Ding, 
Xinghua Zhang, Xiuli Yin 
CAS Key Laboratory of Renewable Energy, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 
510640, China 
 
Abstract 
The demonstration operation of an pilot-scale bio-dimethyl ether(DME) synthesis system was carried out for with 
300-350kg/h of wood chips as feedstock. The tar content was 4.4-5.7g/Nm3 and carbon percent in the residual char 
was low due to the combined advantages of the specific gasifier combining with upstream and downstream 
gasification  with O2-rich air(46.3vol%), fed through the top and bottom inlets of the gasifier. Steam, as the secondary 
gasifying agent, also increased H2 content in the raw bio-syngas. The reforming of tar and light hydrocarbons further 
decreased tar content to 0.42-0.67g/Nm3 over Ni-MgO/γ-Al2O3 cordierite monolithic catalysts with less than 5.0vol% 
of CH4 content in the raw bio-syngas. CO2 removal efficiency was about 70% by pressure-swing unit(PSA), using 
propylene carbonate as adsorbent. CO conversion and space-time yield of DME over Cu/Zn/Al/HZSM-5-packed 
fixed-bed tubular reactor were 61.4-71% and 90.4-155.8kg/mcat3/h respectively when the gas hourly space 
velocity(GHSV) was 650-1500h-1 at 220oC and 4.3MPa. The selectivity of methanol and hydrocarbons were than less 
3% under the typical operation condition.  About 15.7% carbon of dried wood chip was converted to DME with the 
production cost of ca. ¥4810/ton DME.  
* Corresponding author. Tel.:+862087057751; fax: +862087057789. 
E-mail address:wangtj@ms.giec.ac.cn,liyp@ms.giec.ac.cn. 
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1. Introduction 
Due to the variety applications of DME as LPG substitute in household or diesel substitute in 
transportation engine[1], direct DME synthesis from syngas has attracted much attention[2, 3]. However, 
raw biomass-derived syngas is usually low H2 content with high content of tar and other undesired 
species(S, N, Cl, CO2, et al), which need component adjustment treatment before DME synthesis[4, 5]. 
Various new designs for gasifier, like two-stage oxygen gasifier, dual-bed gasifier and the modified 
updraft(or downdraft) gasifier, and heat transfer enhancement procedures were studied to improve 
gasification efficient and bio-syngas quality[6-9]. Catalytic reforming of tar and light hydrocarbons in the 
raw fuel gas over nickel-based catalysts was proved to be another efficient method to increase H2/CO 
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ratio and enhance carbon utilization[10, 11]. The combination of Cu/Zn/Al with HZSM-5 has been studied 
extensively to exert their synergetic effect for direct DME from syngas.  
In this context, the enlarged integration system was presented for pilot-scale bio-DME production from 
wood chips and its operation stability during the 40h of time on stream (TOS) demonstration. A newly 
designed gasifier, which included the physical combination of downdraft- and updraft- gasifier for wood 
chip gasification of 300–350kg/h and a multi-tube reformer, packed with monolithic Ni-based catalyst, 
was described.  Pressure-swing adsorption(PSA) unit for CO2 removal and fixed-bed tubular reactor, 
packed with Cu/Zn/Al/HZSM-5 hybrid catalyst for single-pass conversion of syngas to DME, were also 
employed in the system. 
2. Experimental section 
2.1. Materials 
Ni–MgO/γ-Al2O3 cordierite monolithic catalysts was prepared as described elsewhere[12]. Lime stone, 
coconut shell-based activated carbon, ZnO-based desulphurization sorbent and Pd/Al2O3-based deoxidant 
were applied to remove trace tar, Cl, S and O2 in the raw bio-syngas respectively. Direct DME synthesis 
catalyst of Cu/Zn/Al/HZSM-5 was prepared by mechanically mixing Cu/Zn/Al and HZSM-5 catalysts, 
followed by molding into cylinder shape(φ5×(4̚6)mm), as described in our previous report[13].  
2.2. The integrated bio-DME synthesis system  
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Fig.1 Flow sheet for the integrated 1000t/a-scale bio-DME synthesis system(1-Wood chip inlet, 2-gasifier, 3-O2 generator, 4-heat 
exchanger, 5-cyclone separator, 6-fixed-bed reformer, 7-scrubber, 8-root blower, 9-gas tank, 10-S, Cl, and tar absorber, 11-the first-
stage deoxidizer, 12-four-stage compressor, 13-CO2 absorber, 14- propene carbonate regenerator, 15- propene carbonate tank, 16-
the second-stage deoxidizer, 17-fixed-bed tubular reactor, 18-gas-liquid separator, 19-DME absorber, 20-intermediate product tank, 
21-rectifier, 22-condenser, 23-reboiler, 24-water tank, 25-boiler, 26-pump; B-upper inlet of gasifying agent C-downdraft gasifier, D-
raw fuel gas outlet, E-interconnect of updraft and downdraft gasifier, F-updraft gasifier, G-grate, H-lower inlet of gasifying agent, I-
ash collection pit, J-burner, K-chimney, L- Ni–MgO/γ-Al2O3 cordierite monolithic catalysts packed in the reformer.  
3. Results and discussion  
3.1. Gasification and reforming 
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The high temperature of 720-800oC at the center downdraft 
gasifier resulted in further higher temperature of 760-840oC for 
char gasification, which also contributed to effective combustion 
and tar cracking. In the same time, the occurrence of endothermal 
reactions like steam reforming of light hydrocarbons and tar and 
char reduction also increase the gasification efficiency. The 
physical combined gasification system with the downdraft gasifier 
for pyrolysis and oxidation, separated from the updraft gasifier, 
can accelerate char    gasification and inhibit the preventing effect 
from inorganic gases and tar vapor, formed by pyrolysis. This 
novel gasifier broke of  limiting stages of updraft  
 
Fig.2 Raw fuel gas composition after gasifier         
as a function of time on stream 
and downdraft gasifiers,which exhibited excellent characteristics of low tar content, adjustment capacity 
of gas composition, scale-up possibilities and stability during operation. In Fig. 2, the yields of carbon-
containing gases such as COx, CH4, and C2Hx as well as H2 gas evacuated from the outlet of the gasifier 
are plotted against time on stream. 
As described above, almost all the carbon in the biomass was converted into gas in the separated 
gasifier of downdraft and updraft. After 4h’ s operation, the gasification became stable.  The tar content of 
the raw fuel gas at the outlet of gasifier(D in Fig.1) was lower than 5g/Nm3. The average content of H2, 
CO and CH4 was 21.4vol%, 20.9 vol% and 6.3vol% respectively. CH4 content was decrease to less than 
4% and tar was further eliminated to less than 0.62g/Nm3 at the exist of the multi-tube reformer, packed 
with Ni–MgO/γ-Al2O3 cordierite monolithic catalysts during the data collection period. The reforming 
performance as a function of time on stream is shown in Fig.3.  
After the water scrubber (7 in Fig.1), the tar content was less than 78mg/Nm3 to avoid its condensation 
over the downstream equipment, causing operational problems and frequent shutdowns and cleanup. The 
raw bio-syngas flow rate was 280-340Nm3/h and the gas yield of 1.28-1.32Nm3/kgdried wood chips. The 
gasification/reforming unit was operated as an integrated system for about 40h. The average gas 
composition of the raw bio-syngas was: H2 26-28vol%ˈN2 16-21vol%ˈCO 26-31vol%ˈCH4 3-
4vol%ˈCO2 19-24vol%ˈ C2~3<1 vol%ˈO2<0.7vol%. And the composition of gas in the gas tank was 
stable with H2/CO molar ratio of ca. 1. And more than 50% of H2 and CO content was obtained, even 
using 46.3vol%O2-contained gasifying agent.  
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Fig.3 Typical reforming results of raw fuel gas with time on stream: (A) Pressure drop and temperature of the reformer, (B) CH4, 
CO2 and tar conversion, (C) Exit gas composition. 
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3.2. Catalytic process for DME synthesis 
3.2.1 DME synthesis 
Cu/Zn/Al/HZSM-5 synthesis catalyst was reduced by H2/N2 gas flow before DME synthesis operation.  
After the reduction treatment for catalyst activation, the compressed bio-syngas was introduced to the 
reactor, which was also heated by the steam at 200-230oC. The synthesis pressure was controlled by the 
fourth-stage compressor and the relief valve at the downstream of the reactor. After 10h’s operation, the 
pressure of the reactor was stable at 4.0-4.2MPa. The temperature at the inlet of heating steam was 20-
30oC higher than that at the inner tube of the reactor, which provided stable reaction condition for DME 
synthesis. The effect of reaction temperature on CO conversion and DME space-time yield(STY) is 
shown in Fig.4A at gas hourly space velocity of 1000h-1(GHSV). Both of them increased with the 
increase of temperature from 170oC to 240oC. CO conversion was 61% and STY of DME was 
60.1kg/Nm3/h at 210oC, which was raised to 70.2% and 90 kg/Nm3/h respectively at 220oC. The slow 
increase rate of STY to DME above 220oC was due to the high CO2 selectivity, produced by water-gas 
shift reaction at higher temperature. And due to the design of the boiler for the superheated steam 
generation, the temperature of the reactor was less than 240oC during this operation. And a higher GHSV 
or temperature was preferred to remove the produced water vapor.  
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Fig.4 DME synthesis performance: (A) Effect of synthesis temperature on CO conversion and DME space-time yield at GHSV of 
1000h-1; (B) CO conversion and DME selectivity at 220oC 
The effluent gas from the reactor was introduced to the absorber to separate DME from other gaseous 
component by soft water, followed to the rectifier to increase the DME purity. The pressure and 
adsorption efficiency of DME absorber was at 1.45-1.65MPa and 80% -90%. The high affinity of CO2 in 
water inhibited the complete solubility of DME. The intermediate product in the tank(20 in Fig.1) was 
rectified in 21in Fig.1. The pressure was 0.6-0.8MPa in the rectifier and the temperature decreased from 
the bottom to the top of the rectifier. The temperature of reboiler was 150-170oC, which fluctuated with 
the reflux amount. The purity of DME was 60-75% after one series of the rectification.  
3.2.2 Typical results of synthesis operation  
The typical synthesis results at different sites of the system are shown in Table 3.  
Table 2 Typical Results of synthesis operation 
Operations Sites Flowrate 
(Nm3/h) 
The composition of bio-syngas  (vol %) 
H2 N2 CO CH4 CO2 C2-3 DME CH3OH 
1 The compressor inlet  294.8 26.1 19.0 26.4 3.86 23.9 1.00 - - 
The PSA outlet 215.6 33.0 26 32 4.03 5.5 0.34 - - 
The reactor outlet 156.0 16.6 37.6 14.5 6.04 16.1 0.91 9.5 0.99 
 The absorber outlet 136.9 16.8 40.9 14.1 5.77 18 0.70 0.4 0.01 
2 The compressor outlet 350.0 24.9 23.0 22.2 3.44 22.7 0.84 - - 
The PSA outlet 267.4 30.5 31.6 27.8 3.34 4.65 0.190 - - 
The reactor outlet 199.6 16.2 42.7 16.1 4.43 14.0 0.52 7.22 1.04 
 The absorber outlet 178.5 17.1 44.4 14.4 4.7 14.8 0.67 0.3 0.04 
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At the PSA outlet, CO2 content decreased to less than 6vol% when two flow rates of 294.8Nm3/h and 
350Nm3/h were introduced to the synthesis system. And the H2 content was increased to more than 
30vol%. Although the H2/CO molar ratio of the bio-syngas was higher than 1.0, it is still lower than the 
traditional syngas obtained from natural gas or the syngas after composition adjustment treatment. The 
high content of DME in the exit gas flow indicates a high selectivity to DME, according to the relatively 
low content of C2-3 hydrocarbons and methanol.  
The mass and energy flow the whole integrated process from calculation and experimental results is 
show in Table.3, based on the feeding rate of 300kg/h wood chips.    
Table 3 Mass and energy flow analysis 
Items Mass flow Energy flow(MJ/h) Input Output Input Output 
Gasification& 
Reforming 
Dried woodchip  225kg/h(C:99.8kg/h)  3735  
O2-rich air(46.3vol%) 150Nm3/h  249  
Steam 115kg/h  209  
Heat    443  
Raw bio-syngas  294.8Nm3/h(C:88.7kg/h)  2398 
Raw 
bio-syngas 
treatment 
Cooling stream 127kg/h   184 
Tar,Cl,S,O2 removal   18.3  
CO2 removal   38.5  
Compression   93.9  
Cooling water 1.03t/h   108 
Bio-syngas   215.6Nm3/h(C:49.1kg/h)  2012 
DME 
synthesis 
Reactor preheating   98.5  
Rectifier heating   100.6  
Gas-liquid separation    62 
Cooling stream 0.38t/h   40 
Cooling stream  180kg/h   158 
DME yield  30.1 kg/h(C:15.7kg/h)  951 
Tail gas   136.9Nm3/h(C:29.4kg/h)  309* 
Total     4986 1814 
Thermal energy conversion efficiency:36.4% 
DME product efficiency: 0.10kg DME/kg biomass** 
Carbon balance(a): bio-syngas production unit  
Input: 99.8kg/h 
Output: 6.19kg/h in tar, ash and char(6.20%),49.1kg/h in bio-syngas(49.1%),39.57kg/h in 
the removed carbon species(39.6%) 
Carbon balance(b): DME synthesis unit 
 Input: 49.1kg/h 
                Output: 15.7 kg/h in DME product (32.0%),29.4 kg/h in tail gas (59.9%) 
* Tail gas was introduced to the turbine for electricity generation, whose energy conversion efficiency was 
calculated as 31%.  
And the DME production rate of 0.10kgDME/kgwood chip is also lower than our previous results of 
0.126kgDME/kgcorncob. The lower results of this enlarged-scale system were due to the relatively higher 
moisture content of the wood chip and the low reaction temperature of 220oC, which was lower than the 
optimized temperature of Cu/Zn/Al/HZSM-5 at 260-270oC[13]. The low reaction temperature decreased 
CO conversion and DME selectivity,   
3.3 Economic analysis of DME production 
The production cost of bio-DME synthesis was about ¥4810/ton as shown in Table 4. The cost on 
biomass feedstock is still the main expense item for bio-DME production, due to the unstable supply of 
biomass residuals such as wood chip, corncob and pine sawdust.  
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Table 4 Bio-DME production cost estimated in 1000t/a-scale system 
Items Costs(¥/ton Bio-DME) 
Biomass feedstock 2100 
Oxygen 419 
Utilities, catalysts, chemicals 491 
Personnel 500 
Maintenance 240 
Annuity,15years 850 
Interest on working capital 260 
Byproduct credit -50 
Total production cost 4810 
4. 4. Conclusions  
  The operation of an integrated bio-DME synthesis system was demonstrated from wood chip-derived 
bio-syngas. The efficient gasifier with the physical combination from the downdraft and updraft gasifier 
has the advantages of both methods, which has decreased residual char content and tar content to 0.42-
0.67g/Nm3 with raw-biosyngas yield of 1.31Nm3/kg-1wood chip. DME time-space yield was 90.4-
155.8kg/mcat3/h when GHSV was 650-1500h-1 at 220oC. However the low production rate of DME of 
0.10kgDME/kgwood chip in this demonstration was due to the relatively low reaction temperature for DME 
synthesis, due to the inefficient supply of heating stream. The existence of some facilities at the sites, such 
as water treatment, steam supplier and air separation plant owned by a third party, could enable hot stream 
or oxygen to be purchased over the fence and decrease the investment and production costs.   
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